The retroviral genome consists of two identical RNA molecules associated at their 5' ends by a stable structure called the dimer linkage structure. The dimer linkage structure, while maintaining the dimer state of the retroviral genome, might also be involved in packaging and reverse transcription, as well as recombination during proviral DNA synthesis. To study the dimer structure of the retroviral genome and the mechanism of dimerization, we analyzed features of the dimeric genome of reticuloendotheliosis virus (REV) type A and identified elements required for its dimerization. Here we report that the REV dimeric genome extracted from virions and infected cells, as well as that synthesized in vitro, is more resistant to heat denaturation than avian sarcoma and leukemia virus, murine leukemia virus, or human immunodeficiency virus type 1 dimeric RNA. The minimal domain required to form a stable REV RNA dimer in vitro was found to map between positions 268 and 452 (KpnI and SaiI sites), thus corresponding to the E encapsidation sequence (J. E. Embretson and H. M. Temin, J. Virol. 61:2675-2683 , 1987 . In addition, both the 5' and 3' halves of E are necessary in cis for RNA dimerization and the extent of RNA dimerization is influenced by viral sequences flanking E. Rapid and efficient dimerization of REV RNA containing gag sequences in addition to the E sequences and annealing of replication primer tRNAPFO to the primer-binding site necessitate the nucleocapsid protein.
The retroviral genome consists of two identical RNA molecules joined at their 5' ends by a structure called the dimer linkage structure (DLS) (4, 19, 27) . Results obtained with Rous sarcoma virus, Moloney murine leukemia virus (MoMuLV), and human immunodeficiency virus type 1 show that the DLS maps within a domain necessary for viral RNA dimerization in vitro (5, 8, 30) and packaging in vivo (1, 12, 16, 22) . The viral RNA dimerization domain is 120 to 250 nucleotides long and is located at the 5' end of the viral RNA (5, 8, 30) , in a region called Psi/E that is necessary for specific packaging of unspliced genomic RNA into virions (1, 12, 16, 22) .
Rapid and efficient dimerization of E/Psi retroviral RNA was shown to be promoted by nucleocapsid (NC) protein (3, 5, 8, 30, 31) , a small, basic protein encoded by the C-terminal portion of gag and found to be tightly associated with the dimeric genome in virions (8, 25, 30) . The NC protein, and/or its precursor, has also been identified as the protein responsible for selective packaging of the retroviral genome in vivo (1, 12, 26) . These findings support the view that RNA dimerization and packaging are associated events in the course of virion assembly, since they both appear to be controlled by the same cis element and trans-acting factor (5, 8) .
Also, the dimeric nature of the retroviral genome appears to be of importance in the processes of reverse transcription and recombination since it has been shown that strand transfers and template switchings occur during the synthesis of proviral DNA (14, 15, 20) .
To pursue our biochemical analysis of the dimer structure of the retroviral genome and the mechanism of dimerization, we studied the dimer structure of avian reticuloendotheliosis virus type A (REV-A) RNA. REV-A was chosen since this virus bears striking sequence homologies to mammalian * Corresponding author.
retroviruses and can infect canine, rat, and primate cells and because the REV dimeric genome has been reported to be more heat stable than that of MuLV (4, 11) , thus facilitating structural analyses of the DLS. Furthermore, helper cell lines and vectors are available to study the structure-function relationships of the dimer structure in vivo (9, 18 , and references therein).
The thermal stability of REV-A dimeric RNA purified from virions and infected cells, as well as RNA generated in vitro, was investigated. We report that REV-A dimeric RNA generated either in vivo or synthesized in vitro is more resistant to heat denaturation than avian sarcoma and leukemia virus (ASLV), MuLV, or HIV-1 dimeric RNA. The minimal domain required for REV-A RNA dimerization in vitro was found to map between positions 268 and 452 (KjpnI and SalI sites) and corresponds to the E encapsidation sequences (9) . In addition, both the 5' and 3' halves of E are necessary for RNA dimerization and the extent of RNA dimerization is influenced by the viral sequences flanking E. Rapid and efficient dimerization of REV-A RNA containing E and gag sequences, as well as annealing of replication primer tRNAPrO to the primer-binding site (PBS), is shown to necessitate the NC protein in vitro.
MATERIALS AND METHODS
Plasmid construction. Standard procedures were used for restriction nuclease digestion and plasmid DNA construction (21 Fig.  4 ) was synthesized in vitro by using T7 RNA polymerase.
(v) ptRNABA-1. Construction of a gene that codes for murine tRNAPFO under the control of T7 RNA polymerase was carried out by using six oligonucleotides as already described for other tRNA genes (2, 33 1A ). MoMuLV virions were collected every 3 h. Virions were purified by two rounds of centrifugation as previously described (25) . Proteins and enzymes. Restriction nucleases and bacteriophage RNA polymerases were from Promega. MuLV reverse transcriptase was from Biolab. The complete NC protein of MuLV (NCplO, 56 residues) was produced by peptide synthesis (7) . The protein was more than 99% pure and fully active in MoMuLV RNA dimerization and tRNAPr' annealing to the PBS of MoMuLV RNA in vitro (7, 30) . ASLV NCp12 was purified from virions as described before (5) The 3' oligomers with BstNI and BamHI sites were as follows: GGTCCCGGGTTCAAATCCCGGACGAGCCCCCAGGGGATCC CAAGTTTAGGGCCTGOCTCGGGGGTCCCCTAGG -BstNI-BamHIAfter annealing of the DNA oligomers and ligation under conditions previously described (2, 33) , the resulting DNA fragment was purified by PAGE, recovered, digested with EcoRI and BamHI, and cloned into pSP64. Four clones with the expected sequence were sequenced. One was selected, and upon digestion with BstNI and transcription with T7 RNA polymerase it gave rise to a bona fide tRNAPrO with the CCA terminal nucleotides but lacking the modified residues present in natural tRNAPrO. 
RESULTS
High thermal stability of REV dimeric RNA generated in vivo. Previous reports indicated that REV dimeric RNA was more resistant to heat denaturation than that of MoMuLV, while that of Rous sarcoma virus was found to be heat labile (4, 31) . Moreover, the 5' end of the genome appeared to be highly structured (4, 27) . To investigate this possibility, the REV dimeric RNA genome was purified from virions (see Materials and Methods), heated in 10 mM Tris-HCl (pH 7.0) from 20 to 100°C, and analyzed by agarose gel electrophoresis under native conditions. As shown in Fig. 1A , the temperature at which half of the dimeric RNA genome disappeared (Tm) was about 60°C under these experimental conditions. As a control, MoMuLV dimeric RNA purified from virions was subjected to the same treatment. Results (Fig. 1C) (Fig. 1B) Therefore, sequences between +351 to +452 are necessary but not sufficient to promote REV-A RNA dimerization.
REV-A RNAs starting at position +268 with their 3' ends at +452 or +608 (RNAs 8 and 9) were able to dimerize, but the extent of dimerization was about twofold lower than that of RNA with a complete 5' end (RNA 3). Thus, REV-A RNA dimerization in vitro requires sequences between positions +268 and +452; this sequence corresponds to the E encapsidation signal (9) . Furthermore, sequences 5' to this encapsidation-dimerization signal enhance the level of dimerization in the absence of added proteins while gag sequences appear to have the opposite effect (Fig. 4) . Sequences 5' to E that enhance the level of REV RNA dimerization are probably limited to positions 208 to 268, since RNA 7 (+208 to +445) had the same level of dimerization as RNA 3 (-3 to +452) (Fig. 4) .
NC protein in ASLV, MuLV, and HIV-1 was shown to stimulate RNA dimerization (5, 8, 30, 31) . Addition of protein NCplO of MoMuLV to REV RNAs containing gag sequences was found to cause complete and rapid dimerization of the REV RNAs (see below; also, data not shown).
Structural changes in the 5' half of the dimerization domain upon REV-A RNA dimerization in vitro. Previously, hybridization of DNA oligomers to retroviral monomeric and dimeric RNAs has been used to probe structural changes in the dimerization signals of ASLV and MuLV upon RNA dimerization (5, 30) . We used this approach with REV-A RNA, but the data were far from conclusive. Thus, primer DNA oligomer extension by reverse transcriptase on REV-A monomeric and dimeric RNAs was performed to detect structural changes upon REV-A RNA dimerization.
A 5'-32P-labeled DNA oligomer complementary to the 3' end of E (+429 to +445; Fig. 4C REV dimeric genome was also found in infected cells and that its Tm was lower than that of REV virion RNA (compare Fig. 1A and B) .
Synthesis of REV dimeric RNA in vitro. To generate REV RNA in vitro, the 5' leader and gag sequences of REV-A were cloned under the control of a bacteriophage RNA polymerase promoter (T7, T3, or SP6; see Materials and Methods). As shown in Fig. 2A , most of the REV-A RNA from positions -3 to +452 (RNA 3; see Fig. 4C for the 5' leader sequence) was in dimer form (lanes 5 and 6) while only a small amount of REV-A RNA 6 (-3 to +268) or 5 (-3 to +351) was dimeric (lanes 1 to 4). REV-A RNA 2 (-3 to +608) was analyzed to determine the temperature at which half of the dimers were converted to monomers. The Tm of this in vitro-generated REV-A RNA in 10 mM Tris-HCl (pH 7.0) appeared to be around 60°C, which is very close to that observed for REV virion genomic RNA (compare Fig. 2B  and 1A) .
The effect of formamide, a nucleic acid-denaturing agent, on the stability of the in vitro-synthesized REV-A RNAs was examined (see also reference 23). In 30% formamide at 37°C, RNA 3 (-3 to +452) was present as a dimer (with some in tetramer form) (Fig. 3, lane 4) while RNA 5 (-3 to +351) was present only as a monomer (lane 2). In 60% formamide at 37°C, most of RNA 3 was still dimeric (lane 5). Even in the presence of 60% formamide at 50°C, 10% of RNA 3 remained dimeric (lane 9).
Mapping of the dimerization domain in the 5' leader of REV-A RNA. To map the dimerization domain of REV-A RNA, several molecular clones of REV-A were constructed to generate in vitro the different REV-A RNAs shown in Fig.  4 . The ability of these different REV-A RNAs to undergo dimerization in vitro in the absence of added proteins was examined by agarose gel electrophoresis under native conditions ( Fig. 2A) and in the presence of 30% formamide at 37°C (Fig. 3) . Figure 4 summarizes the results obtained. (pREVSC-1) ; PBS, the primer tRNA-binding site corresponding to the initiation of minus-strand cDNA synthesis; and the E signal necessary for selective encapsidation of REV genomic and recombinant RNAs. (B) REV-A RNAs made in vitro and used in this study are shown. RNAs 1 to 6 start at position -3 with respect to the cap site. RNA 7 was generated by using T7 RNA polymerase and starts at position 208 and ends at position 445. RNAs 8 and 9 start at +280, and RNAs 10 and 11 start at +368. RNA 12 starts at position +624 and is in the antisense orientation. Dimer RNA indicates the level of dimeric RNA found after in vitro synthesis under conditions in which the RNA was in 10 mM Tris-HCl (pH 7.0) with or without 30% formamide at 20°C. Symbols: -, 0 to 5% dimer; +/-, 5 to 10% dimer; +, 10 to 20% dimer; + +, 40 to 50% dimer; + + +, 60 to 80% dimer; + + + +, 90 to 100% dimer. (C) Sequence of the 5' leader of REV-A RNA deduced from the DNA sequence of spleen necrosis virus REV-A (see also references 17 and 28). The PBS, E packaging signal, AUG of gag, and nuclease restriction sites of interest are indicated. The purine-rich sequences probably implicated in the DLS are underlined (23) . The sequence GACG (bold underlining) is located at the 3' ends of these purine-rich sequences (17) . The DNA oligonucleotide used in the reverse transcription assays (see Fig. 5 ) is indicated (5' to the SalI site).
Dimerization of REV-
reverse transcription using a REV-A RNA 2 (-3 to +608) template in either the monomer or the dimer form (Fig. 4) . Reverse transcription was performed for 10 or 20 min at 30°C, and cDNA transcripts were analyzed by 10% PAGE in 7 M urea. Results indicate that a weak stop was detected with the monomeric RNA template (Fig. 5, lanes 3 and 4) , while four strong stops were obtained with the dimeric RNA template (lanes 1 and 2) . The upper band corresponds to the complete cDNA transcript.
The four strong-stop bands correspond to incomplete cDNA transcripts of 112, 145, 192, and 225 (±2) residues (Fig. 4C) . As shown on the REV-A RNA sequence, these (Fig. 4) . The bottom of the gel, showing the nonextended 5' [32P]DNA primer has been removed. The upper band corresponds to the complete cDNA transcript from +445 to -3 (Fig. 4) . The strong stops in lanes 1 and 2 most probably correspond to pausing of reverse transcription close to or within the purine-rich regions (Fig. 4C) . The numbers on the right are molecular sizes in nucleotides. stops appear to occur at or within sequences highly rich in purines (Fig. 4C) . Interestingly enough, Marquet et al. (23) proposed that these purine-rich sequences are directly implicated in retroviral RNA dimerization by forming quadruple helices (13) .
NC protein promotes extensive dimerization of REV-A RNA containing gag sequences and directs annealing of primer tRNAIr°to the PBS. NC protein is a small basic protein with one or two zinc fingers flanked by basic residues and is well conserved among retroviruses (5, 7, 24, 26) . This gagencoded protein is also tightly associated with the retroviral genome in ASLV, MuLV, and HIV-1 virions (8, 25, 30) . In addition, NC protein has been shown to possess RNAannealing activities, which result in rapid and extensive retroviral RNA dimerization and annealing of the replication primer to the PBS.
To examine the activity of NC protein on REV-A RNA in vitro, we used RNA 2 (-3 to +608) and NCplO of MoMuLV since its sequence is homologous to that of REV NC protein (35) . REV As shown in Fig. 6A , NCplO was able to promote extensive dimerization of REV-A RNA 2 (-3 to +608) (lanes 2 to 4) while little or no dimerization was observed in the absence of NCplO (lane 1). Primer [32PJtRNAPrO was also efficiently annealed to REV-A RNA by NCplO (Fig. 6B, lanes 5 to 8) , most probably to the PBS, since no tRNAPr' annealing was observed on REV-A RNA 8 (268 to 608) lacking the PBS (Fig. 4) . In addition, the annealed [32P]tRNAPrO was subsequently capable of promoting synthesis of strong-stop cDNA of REV-A by reverse transcriptase (Fig. 6C, lanes 2 and 3) . As a control experiment, lanes 5 and 6 report the in vitro synthesis of MoMuLV strong-stop cDNA under the same experimental conditions (see also references 30 and 31).
DISCUSSION
The DLS of the retroviral genome is crucial in maintaining the diploid state of the genome. The DLS of ASLV, MoMuLV, and HIV-1 lies within a domain of 120 to 250 nucleotides necessary and sufficient for retroviral RNA dimerization (5, 8, 23, 30, 31) . The 5' and 3' ends of the dimerization domain appear to correspond to the signal necessary for specific packaging of the genomic RNA and heterologous RNAs during virus assembly (9, 18, 22) . Thus, this cis element could be named the E/Psi dimer signal. In addition, the dimeric nature of the retroviral genome is involved in proviral DNA synthesis and recombination (6, 36) since strand transfers and template switchings take place during reverse transcription (14, 15, 20, 29) .
To study the structure of the DLS, its functions, and its structure-function relationships further, we studied REV-A dimeric RNAs generated in vivo and in vitro. REV was chosen because this virus is well characterized, its genetic structure is closely related to that of MuLV, it can infect cells of different origins, helper cell lines and vectors are available (9, 18 , and references therein), and last but not least, a previous report indicated that the dimeric genome is heat stable (4, 11, 27 ). Here we report that REV-A dimeric RNAs generated in vivo and in vitro are more heat stable (Tm, about 60°C) than that of MoMuLV (Tm, about 50°C) (29) , while HIV-1 and ASLV dimeric RNAs were found to be unstable under low-ionic-strength conditions (5, 8) .
Formation of stable REV-A RNA dimers in vitro required both halves of the dimerization domain (Fig. 4) . Interestingly enough, efficient packaging of REV recombinant RNA also required both halves of the E signal (9) . Moreover, in the absence of NC protein, the level of REV-A RNA dimerization was enhanced by 5' leader sequences (positions 208 to 268) while gag sequences had the opposite effect (Fig. 4) . In the presence of NC protein, REV-A RNAs containing the complete 5' leader and gag sequences were found to dimerize to completion. However, REV-A RNA with only the dimerization domain linked to heterologous sequences (i.e., neomycin or f-galactosidase) were dimerized to no more than 50% in the presence of NC protein (data not shown). These findings strongly suggest that both the entire dimer signal and flanking viral sequences are crucial for completion of viral RNA dimerization in vitro. Similarly, the entire E signal and flanking sequences are required for efficient RNA packaging in vivo according to the data of Embretson and Temin (see Fig. 1 and 5 in reference 9). This is being investigated in vitro and in vivo with recombinant retroviruses.
Kung et al. (19) have hypothesized that the retroviral DLS corresponds to the formation of unique structural features. Marquet et al. (23) have proposed that small quadruple helices composed of G and A residues were formed in the course of retroviral RNA dimerization (13) . Such structures would account for the stability of the viral RNA dimers in formamide and urea, the apparent parallel orientation of the two RNA molecules seen under the electron microscope, and the lack of complementary sequences in the dimerization domain (Fig. 4 and reference 13) . It is of particular interest that four purine-rich sequences with GACG sequences (17) are present in the dimerization signal and in a sequence just before it (Fig. 4C ) in REV-A RNA. Such sequences seem to be associated with stable structures which cause pausing during reverse transcription of REV-A dimeric RNA in vitro ( Fig. 5 ; see also reference 17). Also, these purine-rich sequences are longer and more numerous in REV than in MuLV, and this may account for the higher stability of REV dimeric RNA than of MoMuLV dimeric RNA (23, 32, 34) . These purine-rich sequences are being mutated to investigate this possibility.
NC protein promotes extensive dimerization of REV-A RNA containing part or all of gag (Fig. 5 and data not shown) and, at the same time, annealing of primer tRNAPTO to the PBS. In the present study, we used MoMuLV NCp1O, whose sequence is closely related to that of the REV NC protein. We have also tried ASLV NCp12 and HIV-1 NCp7 and found that NCp12 and NCp7 were only two-to threefold less active than NCplO in these RNA-annealing reactions under these in vitro conditions in the absence of competitor cellular RNAs (data not shown). Similar in vitro experiments are being done to investigate how the NC protein can select and dimerize RNAs with all or part of the dimerization domain in the presence of competitor cellular RNAs (34) .
